Primordial Germ Cell (PGC) migration occurs in early embryonic development and is highly conserved across taxa. PGC migration occurs within the first 24 hours post fertilization (hpf) in zebrafish, making the organism an efficient model for observing the migration pathway. Proper PGC migration is necessary for normal gonad development and, in some species, sex determination. Disruption of this process leads to defects in gonad formation and abnormal sex determination and differentiation. Studies show that endocrine-disrupting chemicals such as bisphenol A (BPA) disrupt PGC migration in zebrafish. BPA is an estrogenic compound that has been linked to a variety of human diseases, including various cancers, diabetes, reproductive disorders, obesity, and cardiovascular diseases. It is one of the most widely used synthetic compounds worldwide, as it is used to make polycarbonate plastics. Many studies provide evidence of the harmful effects of BPA on living organisms. In response, manufacturers have started to use replacements such as bisphenol F (BPF) and bisphenol S (BPS). However, due to their structural similarity, it is likely that BPF and BPS are just as harmful to organisms as BPA. In this study, we use antibody staining and immunofluorescence microscopy to confirm that BPA exposure results in abnormal PGC migration in zebrafish embryos, as previously studied, and to illustrate that BPF and BPS exposure results in similar PGC migration defects.
INTRODUCTION

Primordial germ cell migration and sex determination in zebrafish
Primordial germ cells (PGCs) are precursor cells that eventually develop into gametes in sexually-reproducing organisms. PGC migration is a process common among vertebrates and invertebrates, including the common model organisms Xenopus, Drosophila, and Danio rerio. A study comparing mechanisms of PGC migration in Mus musculus, Danio rerio, and Drosophila melanogaster found that although there is variation among the species, it appears that some molecular mechanisms are conserved for PGC migration and maintenance. 1 A number of genes involved in PGC migration are conserved across phyla, indicating that the process is similar in different organisms including those indicated above. 2 Early in vertebrate development, PGCs migrate from the primary ectoderm to the gonadal ridge where they later develop into gametes. PGC migration is directed by chemical cues secreted by somatic cells. The process is tightly regulated as the pathway that PGCs use to travel to the gonad goes through different tissues. 3 Migration occurs between embryonic weeks 4 and 6 in humans, 4 between embryonic days 8 and 10 in mice, 5 and within 24 hpf (hours post fertilization) in zebrafish. 6 As zebrafish do not have specific sex chromosomes, sex determination in zebrafish is likely the result of gonadal gene expression, environmental factors, and the presence of PGCs at the gonadal ridge. Therefore, PGC migration and their presence at the gonadal ridge are an important factor in sex determination and eventual differentiation in zebrafish. Defects in the PGC migration pathway have been shown to have adverse effects in zebrafish, including improper gonad formation and infertility. 7, 8 Vasa, an RNA binding protein, is used as a marker for germ cells due to its role in germ cell determination and function. 3 By analyzing PGCs in zebrafish fixed at 24 hpf, we can see a baseline of where germ cells are normally localized and compare this to when embryos are treated with a particular bisphenol.
Bisphenols in the environment
Bisphenols are synthetic plasticizers that are used in the production of polycarbonate plastics. Bisphenol A (BPA) is a known endocrine-disrupting chemical (EDC) whose estrogenic effects were first observed in 1936. 9 In the 1950s, it was found that BPA could be used to make polycarbonate plastics and it became one of the most widely used synthetic compounds worldwide, despite its estrogenic effects. 9 Bisphenols have been linked to a variety of human diseases, including various cancers, diabetes, reproductive disorders, obesity, and cardiovascular diseases. 9 The greatest source of human exposure to BPA is leaching of the chemical from everyday household items, including food and beverage containers, thermal receipt paper, and medical devices. 9,10 Although BPA is biodegradable, trace amounts of BPA are found even in treated wastewater and background concentrations exist in the aquatic environment. 11
Effects of endocrine-disrupting chemicals (EDCs) on organisms
Organisms are much more vulnerable to the adverse effects of EDCs in-utero and during the early stages of development, as early developmental processes are tightly regulated by many factors including chemical signaling. Exposure to BPA (an estrogen mimic) during development has been found to lead to reproductive disorders, birth defects, and brain malformations in mammals such as mice and humans. 9,10 Human fetal testis tissue, particularly Leydig cells, have been reported to be a major target of BPA. 9 Concentrations as low as 10 nM were shown to reduce human fetal Leydig cell function, supporting that BPA has estrogenic effects on organ systems and that embryonic exposure is problematic. 9 Zebrafish share many developmental processes with humans and can therefore provide insight into the potential effects of EDCs in humans. Prior studies have demonstrated that exposure to BPA at doses as low as 0.001 M negatively impact zebrafish reproductive health. 12 In 2017, researchers found that higher levels of BPA exposure in zebrafish can cause a reduction in egg production and reduce chances of fertilization. 12 Because BPA exhibits a non-monotonic dose-response curve, trace BPA concentrations in aquatic environments can still have adverse effects on aquatic organisms. 9
Due to potential health concerns, Canada (2009), USA (2010), and the European Union (2011) prohibited the use of BPA in the manufacture of polycarbonate feeding bottles for infants. 10 That being said, the Food and Drug Administration (FDA) has only restricted the use of BPA in baby bottles, sippy cups, and packaging for infant formula. Therefore, consumer concern has pushed companies to replace BPA in other products--it is often replaced with other bisphenols, such as bisphenol F (BPF) and bisphenol S (BPS). Bisphenols share structural similarities, indicating that they may have similar estrogenic effects in organisms (Figure 1 ). All three bisphenols in this study (BPA, BPF, and BPS) are shown to have neurological, metabolic, endocrine, and reproductive effects on organisms. A 2018 study showed that exposure to BPA disrupts differentiation of human-derived neural progenitor cells. 13 In regards to BPS, exposure to the chemical during development causes precocious neurogenesis in the zebrafish hypothalamus and is associated with hyperactive behavior in zebrafish. 14 Another study found that exposure to BPF during development affects gonadotropin-releasing hormone neurons in zebrafish through an estrogen-mediated pathway. 15 BPA, BPF and BPS were all found to affect the transcription levels of genes for neurotransmitter-metabolizing enzymes in female rats when exposed during development. 16 In regards to metabolism, studies show that all three bisphenols are associated with obesity in some context. In a 2019 study, perinatal exposure to BPA in male rats showed that BPA acts as an obesogen as it induced obesity and increased food intake. 17 There is evidence that BPA exposure during critical periods of development can cause epigenetic changes that are related to the onset of obesity. 18 The estrogenic potency of BPF and BPS are both in the same order of magnitude as BPA and all three bisphenols show the same amount of inhibitory hormonal signaling in adipocytes. 19 Another study found that both BPS and BPA enhance adipocyte differentiation, and that BPS (a common BPA replacement) is an even stronger adipogen than BPA. 20 BPF is also associated with higher risk of obesity in children and adolescents. 21 These bisphenols are known to have endocrine effects as well: a 2017 study found that all three transactivate estrogen receptors (ERs) in zebrafish. 22 BPS also alters estradiol-induced non-genomic signaling in rat pituitary cells; this disrupted signaling may result in cell death. 23 A 2016 study using both in-vivo and in-vitro studies showed that BPA, BPS, and BPF all upregulate Aromatase B, a key enzyme in estrogen synthesis, in the brains of developing zebrafish. 10 In a study analyzing the effects of BPA, BPF, and BPS on gene expression in fetal Leydig cells, all three were found to reduce the expression of key genes in testosterone synthesis, further illustrating the estrogenic mimicry of these chemicals. 9 Another study showed that when adult zebrafish were exposed to 0.002, 0.02, and 0.2 M BPS, maternal exposure to BPS greater than 0.02 M caused delayed egg hatching and developmental delays in offspring. 24 Lastly, a 2013 study showed that exposure to BPA during the first 24 hpf results in abnormal PGC migration in zebrafish embryos. 3 The current study illustrates that exposure to BPS and BPF also results in abnormal PGC migration in zebrafish.
Bisphenol A and Danio rerio primordial germ cell migration
Fish are particularly sensitive to the presence of EDCs, due to the environmental and epigenetic cues influencing sex determination and differentiation. 25 Exposure of zebrafish embryos to 17-alpha-ethinylestradiol (EE 2 ) showed that estrogen receptors play a role in PGC migration. 26 Bisphenols are especially of concern, as their wide commercial use causes them to be ubiquitous in the environment and they operate as sex hormone mimics that can alter essential developmental processes. 11, 14, 27 A 2013 study looked at the effects of BPA on PGC migration in zebrafish and found that BPA exposure during the first 24 hpf at concentrations of 17.5 μM and 35 μM caused an increased number of PGCs compared to controls and caused PGCs to migrate to ectopic locations. 3 Failure of PGCs to reach the gonadal ridge leads to defects in sex determination and gonadal differentiation.
Different geographical regions have various amounts of BPA in the environment. Areas near waste treatment plants have varying amounts of BPA, from not detectable to 1.6 μM in some, to maximum amounts of 36.8 μM and 45.1 μM in others, while tap water was found to have a maximum concentration of 5.7 μM. 28,29,30 That being said, because BPA exhibits a non-monotonic dose-response curve, the relationship between dosage and effect may be nonlinear. 9 In this study, we exposed embryos to published concentrations of BPA (17.5 μM and 35 μM) that are known to cause abnormal PGC migration in zebrafish during the first 24 hpf 3 to act as a positive control, and to ensure that fluorescent immunocytochemistry is an effective method for visualizing PGC migration in zebrafish. We exposed embryos to an intermediate dose of BPF and BPS to evaluate whether or not these replacement bisphenols have similar effects on PGC migration as BPA. 25 μM was chosen as the intermediate dosage between two known BPA doses that disrupt PGC migration in zebrafish (17.5 μM and 35 μM). 3 For both BPF and BPS-treated embryos, we expected to see migration patterns similar to those of BPA at similar doses.
METHODS AND PROCEDURES Fish maintenance
Zebrafish were purchased from local pet stores throughout Rochester, NY. Zebrafish were introduced to the housing system and allowed to acclimate to the water and room conditions for two weeks. Experimentation was reviewed and approved by the Institutional Animal Care and Use Committee at St. John Fisher College (IACUC Protocol #61). Females and males were kept together in tanks that had a constant flow of system water. System water was maintained at 27-29 °C with a salinity between 1400-1600 microsiemens, which was checked every other day. The pH level was kept between 6.9-7.4 and was measured twice per week. The fish were kept on a 14 hour light/10 hour dark schedule and fed twice daily. The fish were fed with live brine shrimp (Utah Red Shrimp from Artemac L.L.C) and either Zebrafish select diet (Aquaneering) or flake food (Ocean Star International freshwater aquarium flake food).
Breeding and embryo collection
Zebrafish embryo collection chambers were created using pipette boxes, with yarn attached to the holes in the top of the box, simulating aquatic plants. The holes allowed embryos to fall into the chamber so they were not consumed by adults. Collection chambers were added to tanks the night prior to collection. After giving the zebrafish one hour for mating, collection chambers were removed from the tanks. Embryos were sorted and dead or unhealthy embryos were then removed.
Endocrine-disrupting chemical exposure
Within the first hour after fertilization, 3-5 embryos were added to each well of a 24-well plate. Embryos were split into five different treatment groups throughout six different experiments. All embryos were incubated with 998 μL of system water and 2 μL of either ethanol or an EDC. Vehicle control embryos were exposed to 2 μL of ethanol. BPA, BPF, and BPS groups were exposed to 2 μL of each chemical, respectively. Final concentrations were low dose BPA-treated (17.5 μM in ethanol), high dose BPA-treated (35 μM in ethanol), BPF-treated (25 μM in ethanol), and BPS-treated (25 μM in ethanol). All stock solutions were made in ethanol and stored in the dark to protect from light degradation. The embryos were allowed to grow for 24 hours at 28 °C. After 24 hours, if more than two embryos were dead in any well, the embryos in that well were not used for analysis of PGC migration.
Fluorescent microscopy
After EDC or vehicle treatment for the first 24 hpf, embryos were then transferred to 1 mL centrifuge tubes. Bisphenol solutions were removed and replaced with 4% paraformaldehyde (PFA). Embryos were then kept in a refrigerator at 4 °C. Embryos were washed the following day with 100% methanol and placed in 100% methanol at -20 o C for long term storage. Before staining, embryos were dechorionated using surgical tweezers and a Leica dissecting microscope (#S8APO). The staining procedure began with three 30 minute 500 μL washes in a phosphate-buffered saline (PBS)/1% triton X-100 solution at room temperature. Next, embryos received two one-hour washes and two 5 minute washes, each using 500 L of blocking buffer containing PBS/1% triton X-100 with 10% goat serum. Embryos were then placed in a solution containing 2 L of primary antibody (rabbit anti-vasa, Abcam #ab209710) added to 298 L of blocking buffer (1:150 dilution). Primary antibody incubations were done overnight with gentle rotation on an orbital shaker at 4 °C. Following the primary antibody incubations, embryos underwent three one-hour washes in 500 L of blocking buffer at room temperature. Next, embryos received six 10 minute washes with PBS/1% triton X-100 at room temperature. Finally, 3 L of secondary antibody (goat-anti-rabbit IgG-FITC, Santa Cruz # sc-2012) were added to 297 L of blocking buffer (1:100 dilution) for incubation with the embryos. Secondary antibody incubations were done overnight with gentle rotation on an orbital shaker at 4 °C. Following the secondary antibody incubations, embryos underwent three 10 minute washes with 500 L of PBS/1% triton X-100 at room temperature. Embryos were then placed onto concave slides with minimal buffer and visualized using a Leica fluorescent microscope while avoiding light exposure to prevent fading of FITC. Embryos were visualized with a 10X objective and photographs were taken using the Q-Capture Pro 7 program (Figure 2 ).
Data and Statistical Analysis
After visualization, the embryos were categorized into either normal (clustered) or abnormal (dispersed) groups for statistical analysis (Table 1) . Through the use of Social Science Statistics software, Fisher's Exact tests were ran on experimental groups to see if they were significantly different from control, as well as to see if there was a significant difference between bisphenols ( Table 2) .
RESULTS
Control embryos visualized under the microscope showed a clustered localization pattern, as expected (Figure 2, A and B) . For the purposes of this study, "dispersed localization" was defined as any localization of PGCs significantly different from control. These embryos demonstrated a non-clustered pattern with visible spacing between cells. Embryos were categorized into either normal (clustered at the gonadal ridge) or abnormal (dispersed). After visualization, specific distances were not quantified. Fluorescent microscopy with BPF and BPS-treated embryos showed a similar PGC staining pattern as BPA-treated embryos, which served as a positive control (Figure 2) . The majority of bisphenol-treated embryos showed dispersed PGC localization when compared to control ( Table 1) . Percentages of dispersed localization are also represented graphically (Figure 3) . BPA, which is known to cause dispersed PGC migration, served as our positive control and was also compared to BPS and BPF-treated groups ( Table 2 ). Table 2 . Statistical significance of differences between groups. Fisher's Exact tests were done between treatment groups. "NS" indicates the difference is not statistically significant. "SS" indicates the difference is statistically significant. A dash indicates that the test was not done. All tests were done using p-value < 0.01.
Data and statistical analysis showed that the differences between all bisphenol-exposed groups and vehicle control were statistically significant ( Table 2) . No statistically significant difference was found when comparing bisphenol-exposed groups to each other, illustrating that BPA, BPS, and BPF all have similar effects on PGC migration in zebrafish embryos.
DISCUSSION
The existence of EDCs in the environment is the result of human activity, as EDCs are not produced naturally. The ecological implications of releasing bisphenols into the environment are not yet fully understood. Bisphenols A, F, and S are known to disrupt a variety of processes in many organisms. A 2014 study found that embryonic BPS exposure at 0.004, 0.04, and 0.4 M caused zebrafish sex ratios to be skewed towards females. 31 Another study found that germline-deficient zebrafish developed as phenotypic males without germ cells and were therefore unable to reproduce. 7 Based on this information, it is possible that wild populations would see skewed sex ratios and infertility from bisphenol exposure, hurting the species' chances of survivalespecially in the presence of other selective pressures. A 2013 study found that doses of BPA 1-4 magnitudes of order lower than a commonly used lowest observed adverse effect level (LOAEL) tested in traditional toxicology assessments of 50 mg/kg/day can have adverse effects on animals. 32 It is logical to predict that due to their structural similarities, BPA replacements BPF and BPS may have similar low dose effects. Not only does this have ecological implications, but it likely affects human health as well, since manufacturers continue to use bisphenols. Further research on the effects and mechanisms of these EDCs would contribute to the literature that can be used to persuade lawmakers to enforce the use of safer alternatives, to reduce environmental and consumer exposure, and to create more effective waste management policies.
The mechanism of EDC action that disrupts PGC migration is not understood and could involve many different parameters within either the PGCs, the somatic cells of the gonad, or both. It is likely that aromatase plays a key role in the mechanism of action of bisphenols, as this is the key enzyme in estrogen synthesis. In a 2014 study, simultaneous exposure to BPA and fadrozole (an aromatase inhibitor) showed inhibition of BPA-induced effects. 14 This may indicate that BPA requires aromatase in order to cause abnormalities. Furthermore, a 2016 study that looked at the effects of inhibiting aromatase alone found that the manipulation of the aromatase system during the critical period of sexual differentiation is responsible for a complete and irreversible alteration of the process of gonadal differentiation in zebrafish. 33 Therefore, aromatase plays an essential role in sexual differentiation in zebrafish and may be a target of bisphenols in inducing PGC migration defects.
CONCLUSIONS
We report that bisphenols F and S cause abnormal PGC migration patterns in zebrafish, similar to those of BPA. After conducting antibody staining and fluorescent microscopy on BPF and BPS-treated embryos, it appears that neither BPF nor BPS are suitable replacements for BPA, as they all disrupt PGC migration at similar exposure levels. BPA, BPF, and BPS are all compounds with adjoined phenolic rings, differing in the identity of the functional group connecting the two rings (Figure 1) . It is likely that the phenolic rings, common among the three different compounds, have a similar biochemical function. However, the exact mechanism by which bisphenols cause these effects is unknown. It is important to note that bisphenols are not the only endocrine-disrupting chemicals that affect PGC migration. Embryonic exposure to estrogenic EDCs nonylphenol and endosulfan also disrupted normal PGC migration. 34 It is likely that the chemical cues secreted from somatic cells, that direct PGC migration, are interrupted by nonylphenol and endosulfan. 34 Bisphenol exposure may also interrupt this signaling, causing abnormal migration.
Insight on the mechanism of BPA and its analogues would be useful in learning how to provide safe alternatives to these plasticizers. Goals for expanding on our results include examining other bisphenols to study how their functional groups relate to PGC migration. Bisphenol G is of particular interest due to its additional functional groups attached to the two trademark phenolic rings found in most bisphenols. Bisphenol BP is also of interest because it has two extra phenolic rings. Knowing if small differences in chemical structure cause significant differences in effects on organisms could also help find safer alternatives to BPA. The use of fadrozole, an aromatase inhibitor, has been utilized to prevent the activity of BPA in various systems and its use in preventing altered PGC migration could also be explored. Finally, decreasing to nanomolar exposure concentrations would help to determine the point of effect drop-off.
It is also important to consider that in the environment, exposure to EDCs is variable. It is unlikely that organisms are exposed to a constant amount of a single EDC for a fixed amount of time; therefore, it is likely that organisms have a time period in which they can recover from exposure. 32 Few studies evaluate the ability of zebrafish to recover from EDC-induced effects, therefore more research could be done to see if the effects of certain estrogenic EDCs are reversible.
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